Abstract This study reports the results of the clinical use of a new tourniquet system for surgery of foot and ankle that can determine tourniquet pressure in synchrony with systolic blood pressure (SBP). We prospectively applied additional pressure of 100 mmHg based on the SBP recorded before the skin incision in 100 consecutive procedures. There were 34 open reduction internal fixation procedures, 26 lateral colateral ligament repair or reconstruction, 16 Achilles tendon repairs, nine arthroscopic procedures such as removal of loose body or accessory bone and synovectomy, seven corrective osteotomy and eight others such as removal of tumour, ankle fusion, and bone graft. The average initial tourniquet pressure was 211 mmHg. The average maximum SBP change during surgery was 28 mmHg. All cases maintained an excellent operative field without measurable bleeding and there were no postoperative complications. Fifty-five cases had a lower intra-operative SBP than the initial value. Since a tourniquet should be applied at the lowest pressure possible for maintaining a bloodless surgical field, the new system appears to be practical and reasonable, as compared to conventional tourniquets, which maintain the initial pressure.
Introduction
The use of tourniquet in foot and ankle surgery has been controversial [5, 6, 12] . Advantages have been noted in terms of postoperative pain, swelling, rehabilitation, etc. without the use of tourniquets. Nevertheless, a pneumatic tourniquet is commonly used in foot and ankle surgery [15, 17] to provide a clean, dry operative field, which improves visualisation of anatomical structures and reduces operating time. Great effort has been invested in reducing the required tourniquet pressure [2, 3, 8-11, 13, 16, 18] to eliminate complications attributable to the high inflation pressures associated with pneumatic tourniquets. Some reports have outlined the advances in tourniquet design [2, 3, 9-11, 13, 16, 18] , which include increased width and number of cuffs [16, 18] , to increase tourniquet pressure until the arterial pulsations in the finger or toe of the operated limb disappear on an oscilloscope or plethysmographic system. These studies have used the conventional tourniquet system that remains at the initial setting pressure. However, blood pressure is not always constant and can vary with conditions, and these tourniquets can not respond to blood pressure changes; any necessary adjustments have to be made manually. This study reports the results of the clinical use of a new tourniquet system for foot and ankle surgery that can determine tourniquet pressure in synchrony with systolic blood pressure to maintain a bloodless surgical field.
Patients and methods
We used a new tourniquet system in which the pressure is synchronised to 0-300 mmHg above systolic blood pressure (SBP), using a vital information monitor. In clinical practice, the level of additional pressure is determined as deemed appropriate by the surgeon. In our study, we applied 100 mmHg as the additional pressure. We routinely used an MT-920 tourniquet system (Mizuho-Ika, Tokyo, Japan) (Fig. 1a, b) . The tourniquet was inflated to the desired pressure based on the SBP recorded before the skin incision. The limb was prepared and exsanguinated by elevation and an Esmarch bandage. After surgery began, the tourniquet pressure was automatically synchronised with the SBP. The actual pressure produced with this system is within 10 mmHg of the displayed pressure. The interval of the measurement of blood pressure was every 2.5 minutes in both groups. The tourniquet cuff was 86 cm long and 10.5 cm wide in both groups. A single layer of cast padding was applied between the skin and cuff. The same surgical team performed all of the operations, in a laminar-flow operating room.
For this study, 100 patients, aged 12-81 years (average age 36 years), were recruited. None had any neurovascular disease. All patients were scheduled to have foot and ankle procedures performed by one senior author (H.N.), using a thigh tourniquet and either general (80) or spinal (20) anaesthesia ( Table 1 ). The procedures included 34 open reduction internal fixation, 26 lateral colateral ligament repair or reconstruction, 16 Achilles tendon repairs, nine arthroscopic procedures such as removal of loose body or accessory bone and synovectomy, seven corrective osteotomies and eight others such as removal of tumour, ankle fusion, and bone graft, etc. All of the patients signed a consent form that included a description of the protocol and the potential tourniquet-related complications. Fig. 1 a. The MT-920 tourniquet system (Mizuho-Ika, Tokyo, Japan) (right) and the vital information monitor (left). b Scheme of the MT-920 tourniquet system (Mizuho-Ika, Tokyo, Japan). The blood pressure of a patient is monitored by the living body information monitor BP-88. The monitor adopts a simple arm cuff since this system is a cuff sphygmomanometer. The information is recorded by the anaesthesia notation record device AR-600 since it can be transmitted as a digital (RS232C) signal. In the MT-920 system, the monitored systolic blood pressure is used. The MT-920 system acquires the information with a CRB (a connector broadcast box). The timing and frequency of the measurement are controlled by the BP-88. The data are always updated when each measurement is finished. Since the MT-920 system constantly reads data, it operates in real-time with a change in the blood pressure The surgeon rated the quality of the bloodless field as poor, fair, good, or excellent, and noted any changes in the quality of the bloodless field throughout the procedure. A poor field was one in which blood obscured the view; a fair field had blood present but not significantly interfering with surgery; a good field had some blood with no interference with the procedure; and an excellent field had no blood present.
Results
The average duration of the operation and tourniquet use was 46 (range, 10-150) and 48 (range, 12-155) minutes, respectively. The average initial blood pressure was 111 mmHg (range, 80-189) systolic and 58 mmHg (range, 30-110) diastolic. Fifty-five out of 100 cases showed lower systolic blood pressure during surgery than at pre-surgery. The average maximum pressure change during surgery was 28 mmHg (range, 5-78) systolic and 18 mmHg (range, 3-60) diastolic (Table 2 ). Seventeen cases displayed the changes in systolic pressure over 40 mmHg during surgery (Table 3) . Additionally, the average maximum systolic pressure change during a 2.5-minute interval was 14 mmHg (range, 0-33). No cases exhibited a sharp rise (over 40 mmHg) in this study during a 2.5-minute interval (Table 4 ). An excellent bloodless surgical field was obtained in almost all patients.
Complications
No complications associated with this system, such as compartment syndrome, deep vein complications, skin troubles, paresis, or nerve complications, etc. arose either during or after surgery.
Discussion
The effect of tourniquet use in foot and ankle surgery has been controversial [5, 6, 12] . Omeroglu et al. [12] reported a relationship between the use of tourniquet and the intensity of postoperative pain in surgically treated malleolar fractures. They recommended no tourniquet for male patients and patients older than 30 years. Maffulli et al. [6] reported that a higher prevalence of postoperative complications and a longer time to recovery for the patients operated on using a tourniquet. They did not recommend using a tourniquet in the operative treatment of simple, isolated fibular fractures. Furthermore, recently, Konrad et al. [5] recommended not using a tourniquet for osteosynthesis of ankle fractures, following a comparison of the clinical results (postoperative swelling and pain, ankle range of motion) with (26 cases) and without (28 cases) a thigh tourniquet. Nevertheless, a pneumatic tourniquet is commonly used in foot and ankle surgery according to the recent survey of tourniquet use in orthopaedic foot and ankle surgeons [15, 17] to provide a clean, dry operative field, which improves visualisation of anatomical structures and reduce operation time.
Ideally, the tourniquet should be applied at the lowest pressure and for the shortest amount of time possible. Ishii and Matsuda [3] reported that the mean tourniquet pressure in the 100-mmHg above SBP group was 238 mmHg (range, 220-260) and was statistically indistinguishable from the group in which pressure was fixed at 350 mmHg to reduce postoperative pain and provide a bloodless operative field during cementless total knee arthroplasty. This pressure is very close to the 231 mmHg reported by Reid et al. [14] , who found that this pressure provided adequate control of haemostasis in the lower extremities in 97.5 % of cases using a Doppler stethoscope. Tejwani et al. [15] stated that the minimum effective tourniquet pressure is 90-100 mmHg above systolic BP when applied at the thigh, and in a normotensive, nonobese, patient, pressure of 250 mmHg is sufficient. Based on these studies and the excellent results of the our study, we recommend the application tourniquet pressure at 100 mmHg above SBP at the thigh, rather than the conventional commonly used 300-350 mmHg reported by a couple of surveys [15, 17] , to provide a sufficiently bloodless operative field and minimise potential complications in surgery of the foot and ankle. The inflation of the tourniquet to a pressure based on the SBP recorded before the skin incision might allow blood to ooze into the operative field as the SBP gradually or sharply rises. Younger et al. [18] reported a poor bloodless field after a sharp rise (44 and 56 mmHg) in blood pressure during surgery using a new automated plethysmographic limb occlusion pressure measurement technique. They stressed the necessity of good anaesthetic technique rather than the efficacy of this system. However, it is nearly impossible that a patient's blood pressure remain constant, but rather varies with their conditions. In our study, although 17 cases exhibited over 40 mmHg maximum change of systolic blood pressure during operation, the system could respond automatically to increasing changes in systolic blood pressure. However, the new system experienced no cases with a sharp rise (over 40 mmHg during 2.5-minute interval) in this series, five knees out of 36 cases in total knee arthroplasty exhibited excellent surgical field using this tourniquet in spite of a sharp rise [4] . Additionally, 55 out of 100 procedures showed lower systolic blood pressure during surgery than initial pressure in our study. It could also respond automatically to decreasing changes in systolic blood pressure. Since the new tourniquet synchronised with SBP, it needed less pressure than the conventional method. The new tourniquet can maintain a sufficiently bloodless operative field while minimising potential complications even at the lower tourniquet pressure. Thus, the new tourniquet system that maintains synchrony with SBP appears to be reasonable and safe for use in foot and ankle procedures because of the flexible accommodation to various changes of SBP.
This study has some limitations. Although we adopted a tourniquet pressure of 100 mmHg above SBP in all cases, we should consider the thigh girth to determine the optimal minimal pressure for each patient. For example, patients with thick fat or muscle layers may need an additional pressure greater than 100 mmHg, whereas slender patients may require lower pressures. In addition, we used a standard 10.5-mm-wide cylinder cuff and not a wide contoured (curved) cuff. If the latter cuff design were adopted, less additional pressure to maintain a bloodless surgical field might be needed as Younger et al. [18] reported. Furthermore, we might reduce the tourniquet pressure if this system were applied at calf or ankle. Massey et al. [7] reported mean arterial occlusion pressure of 161.7 mmHg by a pneumatic ankle tourniquet from 50 normotensive healthy subjects. This is approximately 50 mmHg lower than our results. We are currently undertaking new studies to keep the tourniquet pressure as low as possible using this design system.
In conclusion, this new tourniquet system that synchronises with SBP is a reasonable device for maintaining a bloodless surgical field in foot and ankle operations. Although some studies have shown advantages in not using a tourniquet in foot and ankle surgery [5, 6, 12] , it seems likely that, for reasons of convenience and long-established practice, the general use of tourniquets will continue. Although the incidence of complications of tourniquet use is very rare (5 complications in 3,027 operations on the foot and/or ankle in a report from the United States [1] ), surgeons should choose a more practical tourniquet such as this in foot and ankle surgery. 
